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ABSTRACT
Soil texture is an important soil property, contributing to many aspects of soil
performance, ranging from productivity to ease of tillage. Currently, textural
analysis is either estimated in the field with limited accuracy, or analyzed in
a laboratory setting through a time consuming and labor intensive process.
This study outlines the development of a new system for in-situ soil textural
analysis using an automated cone penetrometer outfitted with a microphone,
where the resulting sound produced from the cone-soil interface is used to
determine soil texture. The system was tested in a laboratory setting using
soil samples with well defined textural compositions. Correlations between
the textural breakdown of the samples, and the power for certain frequency
ranges were made. The prediction model for clay that was developed had an
adjusted R2 of 0.950, while the models for silt and sand had lower adjusted R2
values. Future research should look into the effects of soil moisture content,
bulk density, and organic matter content on the acoustic signal.
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Site-specific crop management (SSCM), or as it is more commonly known,
precision agriculture, is currently revolutionizing farm practices. With the
advent of the global positioning system (GPS), geographic information sys-
tems (GIS), and increasingly advanced electronics systems, farmers are able
to go from treating fields as a whole to treating specific areas within fields,
or even specific crops [1]. SSCM is perhaps most commonly utilized as GPS
based tractor guidance, allowing precisely straight crop rows. Other commer-
cialized applications of precision agriculture include variable rate pesticide
and fertilizer applications, yield monitoring and map creation, and intensive
soil sampling. This revolution is driven by advancements in crop and soil
sensing, which allows these variable prescriptions to be developed based on
previously collected data.
Soil texture is both a qualitative and quantitative description of the soil
particle size distribution. It is discretized into various characteristic classes,
based on the three major particle size separates of silt, sand, and clay. Nearly
all soils are a mixture of the three fractions, along with other content such
as rocks and organic matter [1]. The particular texture of a soil can have far
ranging implications for soil properties such as plasticity, water permeability,
ease of tillage, fertility, and productivity [2]. Currently, texture is determined
either through an educated guess based on feeling a sample in hand, or in
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the laboratory through extensive work.
Soil texture determination in the field is not a true measurement, but an
estimate. A tractor mounted acoustic penetrometer was developed in order to
provide a more robust method of in-situ texture determination. The system
used a microphone to monitor the sound produced at the cone-soil interface,
and these data were related to soil texture. This thesis outlines the process
of the system’s development and initial testing. Tests were conducted in a
laboratory setting on well-defined soil samples.
1.1 Scope of Research
Previous work in the area of acoustic soil sensors has been limited primarily to
compaction based work. Based on review of the peer-reviewed literature, no
work exists to date that looks into soil texture determination using acoustic
methods.
This project was carried out using previously prepared soil samples in a
laboratory setting. Despite a wide variation in the textural classification of
samples used, only six of the twelve textural classes were represented in the
samples. In addition, clay contents from 6.3% to 41.8%, silt contents from
12.8% to 60.0%, and sand contents from 3.6% to 80.9% were present in the
samples. No field samples were analyzed for the data presented within this
thesis. The effects of moisture content, organic matter content, and bulk
density on the system were not investigated.
Continued research into this area could eventually produce a robust soil
texture determination system using the acoustic penetrometer methods out-
lined within this thesis. This would provide a fast and convenient way of
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analyzing soil texture compared to the current methods employed. This also
would produce financial savings due to reduced labor costs from soil analysis
laboratory work. Additionally, this would provide a platform for additional
soil sensors to be investigated.
1.2 Overview
This thesis is organized such that each chapter addresses a different aspect
of the study. Chapter 2 discusses the theory of soil structure and texture.
Chapter 3 is a review of literature, where previous research into soil sensing
and textural analysis is outlined. Chapter 4 describes the methodology used
in the study, and each stage of the research process is explained. The develop-
ment of the acoustic penetrometer is discussed also. Chapter 5 encompasses
the results of the research, including the methods of data analysis. Chapter
6 provides a summary of the findings of the research, and draws conclusions
about the outcome of the research. Descriptions of possibilities for future
research are also included. The appendices contain all Matlab code used in




Soil texture is a description of the distribution of soil particle sizes and the
proportions of various ranges of sizes [3]. Traditionally, these ranges are
sand, silt, and clay. The exact size boundaries vary between classification
systems such as the U.S. Department of Agriculture (USDA), the Interna-
tional Soil Science Society (ISSS), and the American Society for Testing and
Materials (ASTM). This work will follow the boundaries set by the USDA,
which classifies clay as any particle up to 2 µm, silt as particles in the range
from 2 µm to 50 µm, and sand as particles between 50 µm to 2 mm. Soil
particles larger than 2 mm are typically referred to as gravel, and are ignored
in the classification of soils, even though in large quantities they can affect
soil behavior.
The sand fraction is dominated by quartz, but may be composed of other
silicates [4]. Due to its large size, sand exhibits a large surface area to mass
ratio, and consequently is unable to hold water or nutrients in a large capac-
ity. The silt fraction is typically composed of similar material to the sand
fraction, but is of a smaller size. Silt exhibits a larger surface area to unit
mass ratio, and is often coated with clay particles, leading to some clay-like
properties. The smallest fraction of soil is the clay fraction, which is gen-
erally formed of particles from a group of minerals called aluminosilicates.
Clay exerts the most influence on soil behavior due to its greater surface area
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to unit mass and charge density compared to the silt and sand fractions [3].
Textural classes are determined by the proportions of the three particle
size classes, represented as a percentage of the total mass. This textural class
scheme is typically represented by a textural triangle, as shown in Figure 2.1
[3]. The location of a soil sample on this textural diagram is found through
the mechanical analysis of the sample. Sieves are used to separate coarse
particles, and settling rates in water are used for finer particles. Prior to
this, the particles must be separated from each other, which is done through
mechanical and chemical dispersion. Chemical dispersion involves hydrogen
peroxide treatments for organic matter removal and washing to remove any
soluble materials present [5]. Sodium hexametaphosphate is added prior to
mechanical action, which separates particles and prevents re-clustering of
the clay particles. Once treated, settling rates are measured, and the size
fractions are calculated based on Stokes’ Law. Stokes’ Law can be used to







V represents the settling velocity in m/s, ρp represents the particle’s mass
density, and ρf signifies the fluid’s mass density, both given in kg/m
3. For
a standard setup, ρp = 2650kg/m
3 and ρf = 1000kg/m
3. R is the effective
radius of the particle, given in meters. The dynamic viscosity of the fluid is
represented as µ in units of kg/ms, and g is the acceleration due to gravity in
m/s2. Using a hydrometer, one can measure the concentration of particles, in
g/L, still in solution at different points in time. Stokes’ Law can be rewritten
to solve for time to settle, and different radii can be inserted to determine
the settling times for the sand, silt, and clay fractions. Typical costs for this
5
type of analysis performed by a laboratory range from $25 to $75 per sample.
Figure 2.1: Soil Textural Triangle - USDA
In the field, texture can be estimated by taking a small amount of moist-
ened soil in hand and working it between the fingers to obtain a measure of
the coarseness of the non-clay fraction, and the plasticity of the clay fraction
[5]. This is just an estimate, and discrepancies occur due to clay minerals,
organic matter, and cementing agents, among other factors, which all alter
the perceived texture. The field estimate method reflects soil behavior as
much as the particle size [5]. Shown in Figure 2.2 is a field guide to soil tex-
ture by feel published by the USDA-NRCS. It should be noted that the field
guide will only prescribe a textural class; it will not predict fractions of clay,
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silt, or sand. In addition to this, silt as a textural class is not represented in
the guide. The manner in which a loam, a clay loam, and a clay are differ-
entiated is based on ribbon length, which will depend on the dimensions of
the experimenter’s ribbon along with the degree of moisture content.
In addition to soil texture, soil strength will have an effect on the acoustic
cone penetrometer, as it will determine how the soil reacts as the penetrome-
ter is inserted. Soil strength is defined as a soil’s capacity to withstand forces
applied to it without failing. In practice, this is the maximum stress before
failure [3]. Soil strength affects many aspects of soil behavior including load
bearing capacity, compaction, and root penetration [5]. The strength of a
soil is derived mainly from two places: cohesive forces between soil particles,
and frictional forces between particles as they move past one another. In
most cases, soil failure is due to shearing [3]. The shear strength of a soil is
characterized by the Mohr-Coulomb equation:
τ = c+ σtan(φ) (2.2)
In the equation τ represents the shear stress, σ is the stress normal to the
shear plane, c is cohesion, and φ is the angle of internal friction. The cohe-
siveness c encompasses the bonding between soil particles, and the internal
friction factor accounts for frictional resistance. A soil with a high cohesive-
ness will typically have a large clay fraction, while sand is associated with
noncohesiveness. When no normal load is present, the shear stress required
to cause failure within the soil is called the soil cohesion, and is typically
written as τo. Mohr-Coulomb theory predicts soil failure when the shear
stress on a plane is greater than that of the shear strength of the supporting
material [1].
7
Figure 2.2: USDA-NRCS Soil Texture Guide
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While many methods exist to measure soil strength, it is done primarily in
one of two ways in the laboratory. A direct shear test is conducted by placing
a soil sample in a container with two halves, applying a specified normal stress
to the halves, and increasing the shear stress until failure occurs. Figure 2.3
shows a schematic of a direct shear test.
Figure 2.3: Direct Shear Test
The second method, the cylindrical shearing test, is more accepted and
does not specify the shear plane [5]. This method is conducted by preparing
a sample in a cylinder, which is then placed in a cell filled with water, and
the water pressure is adjusted to provide a constant stress on the sample. A
normal load is increased until failure occurs. One additional method is used
primarily in the field, and is called the vane shear test. An apparatus with
vanes is driven into the soil to a predetermined depth, and then rotated [5].
The torque necessary to shear the soil is recorded. This torque is then used
to calculate the cohesiveness of the soil, based on a theoretical relationship
between the torque, the vane dimensions, and the soil cohesiveness.
In addition to the shear strength tests, an alternative method for strength
measurement is through use of a cone penetrometer. A cone penetrometer
(Figure 2.4) is a cone attached to the end of a long rod, which is inserted into
9
soil. The force required to insert the penetrometer is recorded. The insertion
pressure is calculated by:
CI = Forceinsertion/Areacone (2.3)
This is called the cone index (CI) and is used as a proxy for compaction. CI
is typically represented in MPa. ASABE standards for the use of the cone
penetrometer for agricultural purposes recommend the penetrometer be one
of two standard sizes, and be inserted at a constant downward rate of 30
mm/s [6] [7].





There is little research into using acoustics for determining soil characteris-
tics. The acoustic cone penetrometer has been investigated by few a people.
Tringale [8] developed an acoustic cone penetrometer (ACPT) and investi-
gated the ability to both identify and describe soils and soil boundaries. By
conducting both laboratory tests and field tests, a large amount of data were
collected and Tringale was able to produce results from the analysis of the
acoustic signal’s amplitude and frequency content. A relationship between
the RMS value of the amplitude and cone penetration rate, penetration re-
sistance, average grain size, and moisture content was determined. The fre-
quency content of the signal showed predominant frequencies in the 2 - 12
kHz range, with well defined peaks in the 4 - 6 kHz range. It was hypothe-
sized that the failure mode of the soil determined the peaks location in the 4.5
- 6 kHz range, with 4.5 kHz representing a rolling/sliding failure, and 6 kHz
corresponding to a crushing of the soil particles. It was also noted that the
predominant frequency tended to increase with increasing cone resistance.
Ruck and Houlsby [9] [10] built an acoustic cone penetrometer and per-
formed laboratory tests to determine the correlation between the acoustic
signal and soil properties. It was found that the 13 - 25 kHz range was
associated with soil properties.
Chang et al. [11] used an acoustic cone penetrometer to attempt to find
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the interface between a poorly graded sand and a soil with a sand content
of 11.52% in a laboratory setting. Instead of employing the Fast Fourier
Transform (FFT), the Hilbert-Huang Transform (HHT) was used, but was
determined to be too complex despite its accuracy. Chang et al. found that
while the FFT was not able to determine the location of the sand boundary,
the root-mean-square (RMS) value of the sound pressure showed a distinct
change at the boundary.
Grift et al. [12] developed an on-the-fly acoustic sensor to determine soil
compaction. A microphone was placed inside a cone, which was fixed to a
tine. It was determined that the filtered acoustic signal’s amplitude corre-
lated, albeit nonlinearly, with the measured cone index (CI). The cone-soil
interface was conjectured to act as a low-pass filter, based on the frequency
distribution response in what was called the detection edge, or highest fre-
quency range. Hardpan detection was achieved by inspecting the detection
edge, which ranged from 6.3 - 7 kHz. In a similar manner, Hemmat et al.
[13] placed microphones in two of three horizontal tine tips and looked at
the relationship between failure modes and the acoustic response. It was
found that the power spectral density was significantly higher in cases where
compressive failure occurred compared to instances of brittle failure.
Meisami-asl et al. [14] conducted an investigation into the effects of soil
moisture content on the propagation of acoustic signals. It was determined
that a signal’s amplitude and power increases with increasing moisture con-
tent. The total harmonic distortion and signal-to-noise ratio both exhibited
a quadratic relationship to soil moisture content.
In a similar design to Hemmat et al. [13] , Chung et al. [15] [16] [17] de-
signed and tested a multi-tipped tine penetrometer with the goal of obtaining
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continuous measurements while going through a field. The soil strength pro-
file sensor (SSPS) developed was tested in a linear soil bin and then in the
field, and was compared to bulk density, moisture content, and soil texture
(by means of electroconductivity), along with the standard cone index from
a vertical cone penetrometer. It was shown the analogue of cone index for
the horizontal tines, called the prismatic soil strength index (PSSI), had a
clear linear relationship to the standard vertical cone index. The PSSI in-
creased with increasing bulk density, and with decreasing moisture content
and electroconductivity, which corresponds to an increasingly coarse texture.
The authors then developed both a theoretical and empirical relationship be-
tween PSSI and cone index (CI). The empirical tests showed positive linear
relationships at depths of 30 cm and 50 cm, but no clear relationship at 10
cm. An alternate design by Sharifi et al. [18] consisted of a flap-faced tine
with the goal of measuring the effects of different tire inflation pressures on
compaction. The authors were able to determine the level of compaction up
to the working depth of the tine, and could differentiate between different
soil tillage conditions.
Hemmat et al. [19] developed a horizontal cone penetrometer to look at soil
failure modes at different depths. They were able to determine that above a
critical depth determined by the shank dimensions, the soil underwent cres-
cent (brittle) type failure. Below the critical depth, bearing-capacity type
failure was observed. A strong correlation between the measured cone index
and the horizontal resistance index (HRI) was observed below the critical
depth. Hall and Raper [20] built a single-tip horizontal penetrometer to in-
vestigate optimal tip design, and relate the results to cone index. Three
different wedge type tips were looked at, and upon deciding on the best, re-
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lated the wedge index to the measured cone index with very high significance.
They then looked at the results while moving the tip vertically in the soil
while also moving forward, in order to determine the location of maximum
soil strength. Their horizontal penetrometer was able to predict the depth
within 5 mm of that from the cone index, and was found to be less sensitive
to soil moisture content than a vertical cone penetrometer.
Sun et al. [21] used an electric motor to drive a vertical cone penetrometer
into soil, and measured the motor current consumption with a hall-current
sensor. They were able to determine the resistive force on the penetrometer
shaft due to the soil by measuring the current draw, and thus found a cheap
alternative to expensive load cells for vertical cone penetrometers. Tekeste
et al. [22] were able to determine the probability that a particular soil sam-
ple would exceed a critical penetration resistance of 2 MPa based on soil
moisture, bulk density, soil type, and depth of interest. It was found that
depths of >300 mm had a probability 23x the amount for depths <300 mm
of exceeding the critical penetration resistance.
Hummel et al. [23] designed a cone penetrometer with a near infrared
reflectance sensor in the cone in order to analyze the relationship between
cone index and moisture content. Using both a stepwise and continuous
insertion, the authors determined that while the setup was able to estimate
the soil moisture content, it was with low accuracy. It was determined that
for continuous measurements of moisture content and penetration resistance,
a new sensor design would be needed. Leao et al. [24] investigated the effects
of soil texture, disturbance, and salinity on the determination of soil moisture
content using a 50 MHz impedance Hydra Probe sensor. While texture and
disturbance proved to have an effect on the estimation of moisture content,
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salinity and bulk density did not.
While many studies exist investigating various soil properties, few have a
direct relation to the research described here. Those who have experimented
with acoustic cone penetrometers have found them to provide valuable data,
but have failed to take them beyond the proof-of-concept stage. Tringale’s
work showed a relationship between the acoustic penetrometer data and the
average grain size, which is related to texture. This is the closest to associ-




4.1 Acoustic Cone Penetrometer Design
An acoustic cone penetrometer (ACPT) was designed in order to determine if
a relationship exists between the sound produced at a cone-soil interface and
the particle size separates of the soil (Figures 4.1, 4.2). The ACPT monitored,
in addition to the soil-cone interface sound, the insertion force and torque on
the penetrometer shaft. The system was designed as a penetrometer mounted
on a sliding plate, which was supported by two guide rails which are 1.25”
(3.18 cm) steel square tubing. The penetrometer was equipped with a 19.05
mm diameter cone attached to a 19.05 mm diameter shaft, which was 67.31
cm long. The shaft was held to a sliding plate by a bearing mounted in a
block, and was given rotary motion through a timing belt powered initially
by an electric motor mounted to the sliding plate. A microphone (20 Hz
to 20 kHz) was mounted in the tip of the cone to a smaller diameter tube,
through which the wires were routed. The inner tube did not rotate with
the outer penetrometer shaft. The vertical actuation initially was provided
by an ACME threaded rod and an electric motor mounted to a stationary
plate.
Initial tests showed the electric motors provided too much background
noise for the microphone in relation to the sound from the soil-cone inter-
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face, so the system was redesigned to use hydraulics. The motor that pro-
vided the rotary motion to the cone was replaced with a hydraulic motor
with a maximum RPM of 111, as given by the manufacturer’s specifications,
and was controlled by a manual flow control valve (Parker PC*M800S). The
stationary motor and ACME rod were discarded in favor of a hydraulic cylin-
der for the vertical actuation. The cylinder had a 24” stroke, 3” bore, and
was controlled using a proportional directional control valve (Parker D1FX
series).
Figure 4.1: Acoustic Cone Penetrometer Model
The implement was designed to use the hydraulic system of a tractor and
mounted to the rear of the tractor using the three point hitch. The hitch
was attached to two outer rails, which also provided mounting points for two
plates which held the system’s electronics and hydraulic valves separately
(Figure 4.3). The top link of the tractor’s 3 point hitch was used to level the
system prior to running tests. The hydraulic system is outlined in Figure
4.4.
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Figure 4.2: Acoustic Cone Penetrometer Front
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Figure 4.3: ACPT Rear Mounting Plates
Figure 4.4: Hydraulic System
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4.2 Data Collection
A variety of sensors monitored the system. The outline of the system is
shown in Figure 4.5.
Figure 4.5: Electronic System
In order to measure the torque on the shaft, the torque on the hydraulic
motor was measured. The pulley ratio between the hydraulic motor and the
penetrometer shaft was 1:1, so the torque on the motor was the same as
the torque on the penetrometer. In order to measure the motor torque, the





Where ∆p represents the pressure drop across the motor in MPa, and
Vm is the motor displacement in cm
3/rev. The motor torque Tm is given
20
in Newton-meters (Nm). To make use of this, pressure transducers were
mounted on both sides of the motor (Omega PX603).
Cylinder extension was measured using a wire-actuated linear encoder
(SIKO Products, Inc, model SG5) mounted to the top stationary plate and
attached to the sliding plate. This provided the necessary information for
depth measurement of the penetrometer, and also for the control of insertion
speed. The linear encoder is shown in Figure 4.6.
Figure 4.6: Linear Encoder
Penetration resistance was monitored using a 300 lb load cell (Futek, model
LSB300) mounted between the hydraulic cylinder and the sliding plate. In
order to read this signal into the data acquisition unit, a signal condition-
er/amplifier was used (Transducer Techniques, model TMO-2). The load
cell was calibrated using a known weight in the lab. The sliding plate with
hydraulic motor, pressure transducer, and load cell is shown Figure 4.7.
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Figure 4.7: ACPT Sliding Plate
The microphone that was mounted in the penetrometer cone tip was con-
nected to an adjustable amplification circuit based on the LM358N opera-
tional amplifier, and then fed into a National Instruments 6009 USB Data
Acquisition unit that was dedicated to the microphone. The amplification
circuit is shown in Figure 4.8, and is a common configuration for the LM358.
The microphone was sampled at the unit’s maximum rate, 48 kS/s. All other
sensors were measured using a National Instruments 6212 USB Data Acquisi-
tion unit. This also handled the analog output for the cylinder control valve.
The NI-6212 unit was running at 5 kHz for both input and output. The test
control software was written in Matlab.
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Figure 4.8: Microphone Amplification Circuit
All inputs and outputs of the NI-6212 were scaled using a gain-and-shift
circuit built around the 741 operational amplifier in order to maximize the
resolution of each operation. The gain and shift circuit provided a means of
changing voltage ranges in order to match the inputs of the data acquisition
system or the proportional valve. In the case of the pressure transducers,
the output signal was 1-5 VDC, while the input range for the analog input
channels on the NI-6212 was ±10 VDC. The use of the gain-and-shift circuit
effectively increased the resolution for the pressure transducers by a factor
of five. This circuit is shown in Figures 4.9 and 4.10.
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Figure 4.9: Gain and Shift Circuit





















(Vin − Vref ) (4.4)
24
Figure 4.10: Data Acquisition Interface Circuit
During the tests, the insertion speed of the penetrometer was controlled
using a proportional-integral-derivative (PID) control loop in order to main-
tain a constant rate. The test control software allowed for the operator to
vary sampling rates, the insertion speed, and the target depth of the run.
Additionally, an option for a ”Noise Calibration” run was added, in which
the penetrometer rotated but did not move vertically. This allowed data to
be collected without vertical actuation in order to aid in data analysis. The
user interface for the penetrometer is displayed in Figure 4.11.
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Figure 4.11: ACPT Test Control Software
The program is outlined in Figures 4.12 and 4.13. Upon starting, the pro-
gram checked to ensure the test parameters were within the legal bounds
set by the data acquisition system’s specifications. Next, if the ”Noise Cal-
ibration” feature was selected, a stall condition variable was set to a larger
value than for normal operation, and the insertion speed was updated to
zero. Following this, sample data was read from all of the sensors, and the
program checked to ensure they were realistic values. PID gains and the
insertion force threshold were set next. The insertion force threshold was set
such that if the penetrometer encountered an obstruction during operation,
the cylinder would retract and give a warning to the test operator. This
prevented damage to the machine. At this point the data acquisition began
using separate sessions for each data acquisition unit. Data were read in
from the NI-6212 and the current depth was calculated. From this value, the
current insertion speed was derived based on previous depth values and the
time difference between them. If the target depth was exceeded, the force
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threshold was exceeded, or the stall condition was met, the data acquisition
stopped and the cylinder retracted. The stall feature tracked the amount
of time that the cylinder had remained at approximately the same depth.
If none of these conditions were met, the PID control calculations were ex-
ecuted for the velocity control, and the value was output to the hydraulic
proportional directional control valve. At the same time these data were be-
ing analyzed, audio data was read into the NI-6009 data acquisition unit and
was written to memory. Once data acquisition had stopped, either through
one of the mentioned conditions, or by the operator, the cylinder retracted
for a preset number of seconds, and the data was saved to a file chosen by
the operator.
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Figure 4.12: Software Outline Part 1
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Figure 4.13: Software Outline Part 2
4.3 Test Methodology
Once the system was completed, it was tested using seven well defined soil
samples contained in 5-gallon buckets. The samples covered a wide range
of soil textures, and were collected for use in an introductory soils texture
laboratory by other researchers. The sand, silt, and clay percentages were
documented for each of the samples. The samples were chosen for this reason.
Some samples had organic matter content measured, while others did not.
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Organic matter content was not included in the analysis due to this.
During testing, every sample was preceded by a static test using the ”Noise
Calibration” feature in the control software. These runs are referred to as
baseline runs in the data analysis. This recorded both ambient noise and
noise due to the tractor and hydraulics. Each soil sample was tested three
times, in different locations within the bucket. This number of tests provided
the most iterations per bucket without sampling close to a previous sample
or the wall of the bucket. The tractor was ran at 1900 RPM for each test,
and the cone rotation was set at 60 RPM. The cone insertion speed was set
to 30 mm/s, as per the cone penetrometer ASABE standard EP542 [6]. The
test is shown in Figure 4.14.
The soil samples had the textural breakdowns shown in Table 4.1.
Table 4.1: Soil Sample Textures and Moisture Contents
The soil samples had previously been stored in airtight containers in a
storage facility. Moisture content was calculated for each sample by placing
a quantity in an oven at 105 degrees C. The moisture content calculated is
wet-basis. The test number column represents the data file numbering.
The samples are plotted on the soil textural triangle in Figure 4.15
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Figure 4.14: Soil Bucket Test
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All of the data files were processed using Matlab R2015b (Matlab, ver. 8.6.
Natick, Mass.: The Math Works, Inc.). Initially, the data were filtered using a
high pass filter with a stopband frequency of 3 kHz and a passband frequency
of 4 kHz. This effectively filtered out the sound due to the tractor and
hydraulics. The data were then transformed using Welch’s power spectral
density estimate. The before and after frequency distributions are shown in
Figures 5.1 and 5.2 for run 1. Following this, the frequency distributions were
partitioned into bins of width 500 Hz and averaged to obtain a single value
for the 500 Hz window. The bin width of 500 Hz was selected as a balance.
Wide partitions reduce the accuracy of locating specific frequency peaks,
while narrow partitions lead to more independent variables for the regression
model. With only 21 total observations across 7 samples, it was important
to reduce the number of independent variables as much as possible. The
partitioned frequency distribution for run 1 is shown in Figure 5.3. Future
work with many more observations could expand this model to help identify
more precisely the key frequencies involved. Run 1 is shown as an example,
the other data were similar in shape and characteristics.
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Figure 5.1: Run 1 Frequency Distribution Pre-Filtering
Figure 5.2: Run 1 Frequency Distribution Post-Filtering
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Figure 5.3: Run 1 Partitioned into 500 Hz Bins
Based on the apparent distribution differences (Figure 5.4), certain parti-
tions were selected to be used in the linear regression. The frequency ranges
of 5.5 - 6.5 kHz, 7.5 - 8.5 kHz, and 11.5 - 12.5 kHz were chosen based on the
comparison. Once the data was partitioned, the difference between the trial
and baseline data from the static test was calculated. This difference in the
frequency bins listed before formed the variables for the regression analysis.
Figure 5.5 shows the difference between the trial and baseline frequency bins
for trial run 1 .
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Figure 5.4: Frequency Distribution Comparison
Figure 5.5: Frequency Bin Differences
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A stepwise regression was used to fit a model to the data. An analysis was
done for each of the three particle size separates: sand, silt, and clay. The
model development was done using Matlab and the Statistics and Machine
Learning Toolbox.
5.1 Clay Model
The stepwise regression produced the best fitting model for clay. The model
has an R2 value of 0.960, and an adjusted R2 value of 0.950. The fitted model
is:
Clay = 3.7198− 188950X6 + 810010X7.5 − 662190X11.5 − 559210X12 (5.1)
Where XN represents the average magnitude value for the frequency bin
from N to N+0.5 kHz. The model shows a very good fit, as evidenced by the
residual vs. fitted values plot (Figure 5.6) and the normal probability plot
of the residuals (Figure 5.7). The variable Clay is represented as a decimal
fraction, with a value of 1 indicating a 100% clay content.
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Figure 5.6: Fitted Values vs. Residuals - Clay Model
Figure 5.7: Normal Probability Plot - Clay Model
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5.2 Silt Model
The regression analysis produced a model for silt that was a significantly
poorer fit than the clay model. The R2 value for the silt model was 0.447,
yet the adjusted R2 was 0.308. The degree to which the model fits can be
interpreted from the magnitude of the residuals in Figure 5.8. Figure 5.9
displays the probability plot of the residuals for this model. The model is:
Silt = −36.214+359370X6−796770X7.5−1089600X11.5−2410100X12 (5.2)
Figure 5.8: Fitted Values vs. Residuals - Silt Model
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Figure 5.9: Normal Probability Plot - Silt Model
5.3 Sand Model
The data produced a model for the sand content of the samples that had an
R2 of 0.660 and an adjusted R2 of 0.575. The equation produced is:
Sand = 104.99+206820X5.5−409310X7.5+1455100X11.5+2214900X12 (5.3)
The residual plots are shown below in Figures 5.10 and 5.11. The sand
model was of a better fit than the silt model, but did not fit as well as the
clay model.
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Figure 5.10: Fitted Values vs. Residuals - Sand Model
Figure 5.11: Normal Probability Plot - Sand Model
It should be noted that the ASABE standard for the use of a cone pen-
etrometer suggests the moisture content of the soil be near field capacity,
which is higher than the content of the samples tested [6]
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Additionally, insertion force and shaft torque were recorded by the pen-
etrometer system. The insertion force for all trials is shown in Figure 5.12.
Table 5.1 shows the maximum insertion force for each trial.
Figure 5.12: Insertion Pressure
Table 5.1: Sample Insertion Force
Shaft torque remained relatively constant throughout the insertion. The
shaft torque for run 1 is shown in Figure 5.13. The shaft torque for each run
is given in table 5.2.
42
Figure 5.13: Penetrometer Shaft Torque - Run 1
Table 5.2: Penetrometer Shaft Torque
The torque on the penetrometer shaft was measured to be between 26 Nm
and 29 Nm for all runs. The torque did not increase with depth as would be
expected, but this could be due to the low moisture content of the samples.
These results are in agreement with Tringale’s findings, in which the pre-
dominant frequency range was 4.5 - 6 kHz. However, it is difficult to draw
conclusions with such a limited amount of data. Soil organic matter content
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was not used in the model, and could have a large impact on the results,
which could explain the poor fit of the sand and silt models. Additionally,
the relationship between the frequency components and the soil particle size





An acoustic penetrometer was built and tested, and showed potential in its
ability to determine soil texture based on the sound created at the soil-cone
interface. Several design revisions occurred, leading to the current hydraulic
actuated design. It was hypothesized that the sound captured from a cone-
soil interface could be used to determine soil texture, and a laboratory test
was conducted to investigate this. Additionally, the acoustic penetrometer
monitored insertion force and torque on the penetrometer shaft.
Trials were conducted using seven well defined soil samples covering a
wide textural range. Multiple tests were conducted on each sample, and the
acquired data were used to determine the coefficients for a regression model
for each of the textural components: Sand, silt, and clay. The regression
model for clay was the best fit, with an adjusted R2 of 0.950. The silt model
was a poor fit, with an adjusted R2 of 0.308. The sand model had a fit that
was between the silt and clay models, with an adjusted R2 of 0.575.
Based on these results, this line of research should be continued. Even
with the small amount of data collected and analyzed, it is apparent that
there is a relationship between the sound produced at a soil-cone interface
and the soil particle size distribution. This relationship will become more
clear as additional data is collected.
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To further this work, a significant number of tests should be performed,
as there are many factors that could potentially influence the results of this
method of soil texture determination. Water content, bulk density, soil or-
ganic matter content, cone design, cone rotation speed, and cone insertion
speed could all impact the results. Trials should be run isolating each of
these variables in order to determine what, if any, effect they have on the
system’s ability to predict soil texture. In addition, a much wider range of
soil textures should be sampled to develop a more robust model.
Following this, field trials should be conducted over a wide range of soil
types and conditions. The system could potentially be rebuilt to mount
on an ATV or UTV, so as to alleviate extraneous field traffic leading to
additional compaction from a tractor. Measures should be taken to isolate
the penetrometer system from the tractor to reduce vibrations, which could
significantly reduce background noise. This could be as simple as bushings
between the rails and the three point hitch to dampen vibrations. In addition,
a GPS system would simplify data collection and mapping.
It is also a possibility to add additional sensors to the system, as it would
provide an ideal platform for additional sensor development and testing.
Electro conductivity and impedance would be ideal candidates. Both of
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A.1 Test Control Matlab Code - Main
1 % Acoust ic Cone Penetrometer (ACPT) Test Control S c r i p t
2 % Written by : Brandon Tate
3 % MS Student
4 % Dept . o f A g r i c u l t u r a l and B i o l o g i c a l Engineer ing ,
UIUC
5 %
6 % Rev i s i ons :
7 % 6/23/16
8 % Fixed PID Ve loc i ty cont ro l , tuned ga ins
9 % Added f i l e output por t i on
10 %
11 % 6/24/16
12 % Fixed f i l e output
13
14
15 f unc t i on varargout = ACPT Test ( vara rg in )
16 % ACPT TEST MATLAB code f o r ACPT Test . f i g
17 % ACPT TEST, by i t s e l f , c r e a t e s a new ACPT TEST or
r a i s e s the e x i s t i n g
18 % s i n g l e t o n ∗ .
19 %
20 % H = ACPT TEST re tu rn s the handle to a new
ACPT TEST or the handle to
21 % the e x i s t i n g s i n g l e t o n ∗ .
22 %
23 % ACPT TEST( ’CALLBACK’ , hObject , eventData , handles
, . . . ) c a l l s the l o c a l
24 % func t i on named CALLBACK in ACPT TEST.M with the
g iven input arguments .
25 %
50
26 % ACPT TEST( ’ Property ’ , ’ Value ’ , . . . ) c r e a t e s a new
ACPT TEST or r a i s e s the
27 % e x i s t i n g s i n g l e t o n ∗ . S t a r t i ng from the l e f t ,
property value p a i r s are
28 % app l i ed to the GUI be f o r e ACPT Test OpeningFcn
ge t s c a l l e d . An
29 % unrecognized property name or i n v a l i d value
makes property a p p l i c a t i o n
30 % stop . Al l inputs are passed to
ACPT Test OpeningFcn v ia vararg in .
31 %
32 % ∗See GUI Options on GUIDE’ s Tools menu . Choose
”GUI a l l ows only one
33 % ins tance to run ( s i n g l e t o n ) ” .
34 %
35 % See a l s o : GUIDE, GUIDATA, GUIHANDLES
36
37 % Edit the above text to modify the re sponse to he lp
ACPT Test
38
39 % Last Modif ied by GUIDE v2 . 5 23−Jun−2016 18 : 57 : 56
40
41 % Begin i n i t i a l i z a t i o n code − DO NOT EDIT
42 g u i S i n g l e t o n = 1 ;
43 g u i S t a t e = s t r u c t ( ’ gui Name ’ , mfilename , . . .
44 ’ g u i S i n g l e t o n ’ , gu i S ing l e t on , . . .
45 ’ gui OpeningFcn ’ , @ACPT Test OpeningFcn , . . .
46 ’ gui OutputFcn ’ , @ACPT Test OutputFcn , . . .
47 ’ gui LayoutFcn ’ , [ ] , . . .
48 ’ gu i Ca l lback ’ , [ ] ) ;
49 i f narg in && i s c h a r ( vara rg in {1})
50 g u i S t a t e . gu i Ca l lback = s t r 2 f u n c ( vararg in {1}) ;
51 end
52
53 i f nargout
54 [ varargout {1 : nargout } ] = gui main fcn ( gu i S ta te ,
va ra rg in { :} ) ;
55 e l s e
56 gui main fcn ( gu i S ta te , vara rg in { :} ) ;
57 end
58 % End i n i t i a l i z a t i o n code − DO NOT EDIT
59
60
61 % −−− Executes j u s t be f o r e ACPT Test i s made v i s i b l e .
51
62 f unc t i on ACPT Test OpeningFcn ( hObject , eventdata ,
handles , va ra rg in )
63 % This func t i on has no output args , s e e OutputFcn .
64 % hObject handle to f i g u r e
65 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
66 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
67 % vararg in command l i n e arguments to ACPT Test ( s ee
VARARGIN)
68
69 % Choose d e f a u l t command l i n e output f o r ACPT Test
70 handles . output = hObject ;
71
72 % Update handles s t r u c t u r e
73 guidata ( hObject , handles ) ;
74
75 % UIWAIT makes ACPT Test wait f o r user re sponse ( s ee
UIRESUME)
76 % uiwa i t ( handles . f i g u r e 1 ) ;
77
78 c l e a r a l l ;
79
80 % Setup Data Acqu i s i t i on
81 g l o b a l s
82 g l o b a l t
83
84 daq . getDev ice s ;
85 s = daq . c r e a t e S e s s i o n ( ’ n i ’ ) ;
86 t = daq . c r e a t e S e s s i o n ( ’ n i ’ ) ;
87
88 % Setup i /o
89 %ai0 − Pressure Transducer 1 ( Pre−motor )
90 %ai1 − Pressure Transducer 2 ( Post−motor )
91 %ai2 − Linear Encoder
92 %ai3 − Valve Spool Pos i t i on
93 %ai4 − Load Ce l l
94 Ch input = s . addAnalogInputChannel ( ’ Dev3 ’ , [ 0 1 2 3 4 ] ,
’ Voltage ’ ) ;
95 Ch input (1 ) . TerminalConfig = ’ SingleEnded ’ ;
96 Ch input (2 ) . TerminalConfig = ’ SingleEnded ’ ;
97 Ch input (3 ) . TerminalConfig = ’ SingleEnded ’ ;
98 Ch input (4 ) . TerminalConfig = ’ SingleEnded ’ ;
99 Ch input (5 ) . TerminalConfig = ’ SingleEnded ’ ;
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100
101 %ao0 − Porpor t i ona l va lve
102 %ao1 − Voltage output f o r C i r c u i t 1 Op Amp o f f s e t (˜ 3V
)
103 Ch output = s . addAnalogOutputChannel ( ’ Dev3 ’ , [ 0 1 ] , ’
Voltage ’ ) ;
104




108 % −−− Outputs from t h i s func t i on are returned to the
command l i n e .
109 f unc t i on varargout = ACPT Test OutputFcn ( hObject ,
eventdata , handles )
110 % varargout c e l l array f o r r e tu rn ing output args ( s ee
VARARGOUT) ;
111 % hObject handle to f i g u r e
112 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
113 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
114
115 % Get d e f a u l t command l i n e output from handles
s t r u c t u r e




120 f unc t i on ed i t name Cal lback ( hObject , eventdata , handles
)
121 % hObject handle to edit name ( see GCBO)
122 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
123 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
124
125 % Hints : get ( hObject , ’ Str ing ’ ) r e tu rn s contents o f
edit name as tex t
126 % str2doub l e ( get ( hObject , ’ Str ing ’ ) ) r e tu rn s




129 % −−− Executes during ob j e c t c r ea t i on , a f t e r s e t t i n g
a l l p r o p e r t i e s .
130 f unc t i on edit name CreateFcn ( hObject , eventdata ,
handles )
131 % hObject handle to edit name ( see GCBO)
132 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
133 % handles empty − handles not c r ea ted u n t i l a f t e r
a l l CreateFcns c a l l e d
134
135 % Hint : e d i t c o n t r o l s u sua l l y have a white background
on Windows .
136 % See ISPC and COMPUTER.
137 i f i s p c && i s e q u a l ( get ( hObject , ’ BackgroundColor ’ ) , get
(0 , ’ de fau l tUicontro lBackgroundColor ’ ) )





143 f unc t i on e d i t f l o c C a l l b a c k ( hObject , eventdata , handles
)
144 % hObject handle to e d i t f l o c ( s ee GCBO)
145 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
146 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
147
148 % Hints : get ( hObject , ’ Str ing ’ ) r e tu rn s contents o f
e d i t f l o c as t ext
149 % str2doub l e ( get ( hObject , ’ Str ing ’ ) ) r e tu rn s
contents o f e d i t f l o c as a double
150
151
152 % −−− Executes during ob j e c t c r ea t i on , a f t e r s e t t i n g
a l l p r o p e r t i e s .
153 f unc t i on e d i t f l o c C r e a t e F c n ( hObject , eventdata ,
handles )
154 % hObject handle to e d i t f l o c ( s ee GCBO)
155 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
156 % handles empty − handles not c r ea ted u n t i l a f t e r
a l l CreateFcns c a l l e d
157
54
158 % Hint : e d i t c o n t r o l s u sua l l y have a white background
on Windows .
159 % See ISPC and COMPUTER.
160 i f i s p c && i s e q u a l ( get ( hObject , ’ BackgroundColor ’ ) , get
(0 , ’ de fau l tUicontro lBackgroundColor ’ ) )




165 % −−− Executes on button pr e s s in pushbutton browse .
166 f unc t i on pushbutton browse Cal lback ( hObject , eventdata ,
handles )
167 % hObject handle to pushbutton browse ( s ee GCBO)
168 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
169 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
170
171 % Browse f o r f i l e , update e d i t f l o c t ext with f o l d e r
path
172 f i l e p a t h = u i g e t d i r ;
173 s e t ( handles . e d i t f l o c , ’ S t r ing ’ , f i l e p a t h , ’
ForegroundColor ’ , [ 0 0 0 ] , ’ Hor izontalAl ignment ’ , ’
l e f t ’ ) ;
174
175 guidata ( hObject , handles ) ;
176
177
178 % −−− Executes on button pr e s s in t o g g l e b u t t o n s t a r t .
179 f unc t i on t o g g l e b u t t o n s t a r t C a l l b a c k ( hObject , eventdata
, handles )
180 % hObject handle to t o g g l e b u t t o n s t a r t ( s ee GCBO)
181 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
182 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
183
184 % Hint : get ( hObject , ’ Value ’ ) r e tu rn s t o g g l e s t a t e o f
t o g g l e b u t t o n s t a r t
185
186 % Declare g l o b a l v a r i a b l e s
187 g l o b a l s
188 g l o b a l t
189
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190 g l o b a l Data s
191 g l o b a l audio
192
193 % check edit name f o r v a l i d name ( no spaces )
194 handles . f i l e n a m e = get ( handles . edit name , ’ S t r ing ’ ) ;
195 sp = ’ ’ ;
196 i f strcmp ( ’ Enter Test F i l e Name ’ , handles . f i l e n a m e ) | |
˜ isempty ( regexp ( handles . f i l e name , sp ) )
197 u iwa i t ( msgbox ( ’ P lease ente r a v a l i d e f i l e name . ’ , ’
Execution stopped ’ , ’ warn ’ ) )
198 r e turn
199 end
200
201 % Check f i l e name f o r f i l e type extens ion , remove i t ,
add . csv
202 m y f i l e = handles . f i l e n a m e ;
203 m y f i l e = s t r s p l i t ( my f i l e , ’ . ’ ) ;
204 m y f i l e a u d i o = s t r c a t ( m y f i l e (1 ) , ’ aud io . csv ’ ) ;
205 m y f i l e o t h e r = s t r c a t ( m y f i l e (1 ) , ’ o the r . csv ’ ) ;
206
207 % Check f o l d e r path has been updated
208 handles . f i l e p a t h = get ( handles . e d i t f l o c , ’ S t r ing ’ ) ;
209 i f strcmp ( ’ Folder Locat ion ’ , handles . f i l e p a t h )
210 u iwa i t ( msgbox ( ’ P lease ente r a f i l e path . ’ , ’ Execution
stopped ’ , ’ warn ’ ) )
211 r e turn
212 end
213 my path = handles . f i l e p a t h ;
214
215 % Combine f i l e name and f o l d e r path in to s i n g l e s t r i n g
216 f i l e a u d i o = s t r c a t ( my path , ’\ ’ , m y f i l e a u d i o ) ;
217 f i l e o t h e r = s t r c a t ( my path , ’\ ’ , m y f i l e o t h e r ) ;
218
219 % Update sampling r a t e s
220 s r a u d i o = str2num ( get ( handles . e d i t s r a u d i o , ’ S t r ing ’ )
) ;
221 i f ( s r a u d i o < 0) | | ( s r a u d i o > 48000)
222 u iwa i t ( msgbox ( ’ P lease ente r a va lue between 1 and 48 kS
/ s ’ , ’ Execution stopped ’ , ’ warn ’ ) )
223 r e turn
224 end
225
226 s r o t h e r = str2num ( get ( handles . e d i t s r o t h e r , ’ S t r ing ’ )
) ;
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227 i f ( s r o t h e r < 0) | | ( s r o t h e r > 10000)
228 u iwa i t ( msgbox ( ’ P lease ente r a va lue between 1 and 10 kS
/ s ’ , ’ Execution stopped ’ , ’ warn ’ ) )
229 r e turn
230 end
231
232 % Change ac tua l s e s s i o n sampling r a t e s
233 s . Rate = s r o t h e r ;
234 t . Rate = s r a u d i o ;
235
236 % Update t a r g e t depth and i n s e r t i o n speed , making sure
they are with in the
237 % bounds
238 ta rge t depth = str2num ( get ( handles . ed i t depth , ’ S t r ing ’
) ) ;
239 i f ( t a rge t depth < 0) | | ( ta rge t depth > 45) %
The 45 i s j u s t a temporary number ! −− Will ad jus t
l a t e r
240 u iwa i t ( msgbox ( ’ P lease ente r a va lue between 0 and 45 cm
’ , ’ Execution stopped ’ , ’ warn ’ ) )
241 r e turn
242 end
243
244 i n speed = str2num ( get ( handles . ed i t i n spe ed , ’ S t r ing ’ ) )
;
245 i f ( i n speed < 0) | | ( i n speed > 50)
246 u iwa i t ( msgbox ( ’ P lease ente r a va lue between 0 and 50 mm
/ s ’ , ’ Execution stopped ’ , ’ warn ’ ) )
247 r e turn
248 end
249
250 % Get Ca l i b ra t i on checkbox value
251 c a l = get ( handles . checkbox ca l , ’ Value ’ ) ;
252
253 % I f c a l i b r a t i o n checked , we don ’ t want c y l i n d e r to
extend / r e t r a c t
254 i f ( c a l )
255 s t a l l = 80 ;
256 i n speed = 0 ;
257 e l s e




261 % check data to make sure i t l ook s normal −− mic , load
c e l l , p r e s su r e 1 , p r e s su r e 2 , l i n . encoder
262 % May d e l e t e t h i s . . .
263 data Test = s . inputS ing l eScan ; % Not suppressed
f o r t e s t i n g .
264
265 i f data Test (1 )<−10 | | data Test (1 )>10
266 u iwa i t ( msgbox ( ’ Pres sure Transducer Pre−Motor Reading
out o f bounds ! ’ , ’ Execution stopped ’ , ’ warn ’ ) )
267 r e turn
268 end
269 i f data Test (2 )<−10 | | data Test (2 )>10
270 u iwa i t ( msgbox ( ’ Pres sure Transducer Post−Motor Reading
out o f bounds ! ’ , ’ Execution stopped ’ , ’ warn ’ ) )
271 r e turn
272 end
273 i f data Test (3 )<−10.1 | | data Test (3 )>10
274 u iwa i t ( msgbox ( ’ Linear Encoder Reading out o f bounds ! ’ ,
’ Execution stopped ’ , ’ warn ’ ) )
275 r e turn
276 end
277 i f data Test (5 )<−10 | | data Test (5 )>10
278 u iwa i t ( msgbox ( ’ Load Ce l l Reading out o f bounds ! ’ , ’
Execution stopped ’ , ’ warn ’ ) )
279 r e turn
280 end
281
282 l e o f f s e t = data Test (3 ) ; % Linear encoder i n i t i a l
o f f s e t in v o l t s
283
284 % Update c y l i n d e r i n d i c a t o r to zero p o s i t i o n
285 s e t ( handles . s l i d e r i n d , ’ va lue ’ , 0) ;
286
287 % Set PID Gains −−− tuned 6/23/16
288 Kp = 0 . 0 0 3 ;
289 Ki = 0 .00025 ;
290 Kd = 0 ;
291
292 % Set maximum i n s e r t i o n f o r c e to t o l e r a t e
293 Fmax = 90 ; % l b f
294
295 t o t a l e r r o r = 0 ;
296 s top count = 0 ;
297 ydot min = 10 ; % mm/ s
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298 o l d e r r o r = 0 ;
299
300 % Add l i s t e n e r s
301 lh = a d d l i s t e n e r ( s , ’ DataAvai lable ’ , @( src , event )
c o n t r o l ( src , event , stop count , target depth , . . .
302 Fmax, ydot min , in speed , t o t a l e r r o r , o l d e r r o r , Kp,
Ki , Kd, l e o f f s e t , s t a l l ) ) ;
303 lh2 = a d d l i s t e n e r ( t , ’ DataAvai lable ’ , @( src , event )
a u d i o c o n t r o l ( src , event ) ) ;
304
305 % Set s e s s i o n s to cont inuous
306 s . IsContinuous = true ;
307 t . I sCont inuous = true ;
308
309 % Set DataAvai lable to run every 500 samples ( roughly
10 Hz)
310 s . NotifyWhenDataAvailableExceeds = 500 ;
311
312 % Set DataAvai lable to run every 4800 samples ( roughly
8 .5 Hz)
313 t . NotifyWhenDataAvailableExceeds = 5800 ;
314
315 msg = mat2str ( data Test ) ;
316 u iwa i t ( msgbox (msg) ) ; % For t e s t i n g only
317
318 % Give i n i t i a l output data f o r queue
319 out vec = [ 2 . 5 ∗ ones (2500 ,1) , 3∗ ones (2500 ,1) ] ;
320 queueOutputData ( s , out vec ) ;
321
322 % START DATA ACQUISITION IN BACKGROUND
323 startBackground ( t ) ;
324 startBackground ( s ) ;
325
326 % Keep data a c q u i s i t i o n going
327 whi le s . IsRunning
328 pause ( 0 . 2 )
329 end
330
331 % Stop t s e s s i o n
332 t . stop ( )
333
334 d e l e t e ( lh )
335 d e l e t e ( lh2 )
336
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337 % For t e s t i n g
338 % uiwa i t ( msgbox ( ’ Test Complete . Cyl inder w i l l Retract ’ )
) ;
339
340 % Retract ion S c r i p t
341 s . IsContinuous = f a l s e ;
342
343 M = ( s r o t h e r ) ∗7 ; % Retract f o r 7 seconds
344 r e t r a c t o u t = [5∗ z e r o s (M, 1 ) , 3∗ z e r o s (M, 1 ) ] ; %
Output should be 0 − 5 due to o ld 6009 c o n s t r a i n t s
345 r e t r a c t o u t = [ r e t r a c t o u t ; 2 . 5 0 ] ; % So 6212
keeps outputt ing ”0” a f t e r −−− 2 .5 May Need Tuning
346 queueOutputData ( s , r e t r a c t o u t ) ;
347 s . s tartForeground ;
348
349 % Save data to f i l e
350 % Create run i n f o f o r f i l e , c l o ck i s a 1x6 array o f
cur r ent time
351 i n f o = [ c l o ck ; l e o f f s e t s r a u d i o s r o t h e r ta rge t depth
in speed 0 ] ;
352
353 dlmwrite ( f i l e o t h e r {1} , i n f o ) ;
354 dlmwrite ( f i l e o t h e r {1} , Data s , ’−append ’ ) ;
355
356 dlmwrite ( f i l e a u d i o {1} , i n f o ) ;
357 dlmwrite ( f i l e a u d i o {1} , audio , ’−append ’ ) ;
358
359
360 f unc t i on e d i t i n s p e e d C a l l b a c k ( hObject , eventdata ,
handles )
361 % hObject handle to e d i t i n s p e e d ( see GCBO)
362 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
363 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
364
365 % Hints : get ( hObject , ’ Str ing ’ ) r e tu rn s contents o f
e d i t i n s p e e d as t ext
366 % str2doub l e ( get ( hObject , ’ Str ing ’ ) ) r e tu rn s
contents o f e d i t i n s p e e d as a double
367
368
369 % −−− Executes during ob j e c t c r ea t i on , a f t e r s e t t i n g
a l l p r o p e r t i e s .
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370 f unc t i on ed i t in speed Crea t eFcn ( hObject , eventdata ,
handles )
371 % hObject handle to e d i t i n s p e e d ( see GCBO)
372 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
373 % handles empty − handles not c r ea ted u n t i l a f t e r
a l l CreateFcns c a l l e d
374
375 % Hint : e d i t c o n t r o l s u sua l l y have a white background
on Windows .
376 % See ISPC and COMPUTER.
377 i f i s p c && i s e q u a l ( get ( hObject , ’ BackgroundColor ’ ) , get
(0 , ’ de fau l tUicontro lBackgroundColor ’ ) )





383 f unc t i on ed i t dep th Ca l lback ( hObject , eventdata ,
handles )
384 % hObject handle to ed i t depth ( s ee GCBO)
385 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
386 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
387
388 % Hints : get ( hObject , ’ Str ing ’ ) r e tu rn s contents o f
ed i t depth as t ext
389 % str2doub l e ( get ( hObject , ’ Str ing ’ ) ) r e tu rn s
contents o f ed i t depth as a double
390
391
392 % −−− Executes during ob j e c t c r ea t i on , a f t e r s e t t i n g
a l l p r o p e r t i e s .
393 f unc t i on ed i t depth CreateFcn ( hObject , eventdata ,
handles )
394 % hObject handle to ed i t depth ( s ee GCBO)
395 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
396 % handles empty − handles not c r ea ted u n t i l a f t e r
a l l CreateFcns c a l l e d
397
398 % Hint : e d i t c o n t r o l s u sua l l y have a white background
on Windows .
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399 % See ISPC and COMPUTER.
400 i f i s p c && i s e q u a l ( get ( hObject , ’ BackgroundColor ’ ) , get
(0 , ’ de fau l tUicontro lBackgroundColor ’ ) )




405 % −−− Executes on s l i d e r movement .
406 f unc t i on s l i d e r i n d C a l l b a c k ( hObject , eventdata ,
handles )
407 % hObject handle to s l i d e r i n d ( see GCBO)
408 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
409 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
410
411 % Hints : get ( hObject , ’ Value ’ ) r e tu rn s p o s i t i o n o f
s l i d e r
412 % get ( hObject , ’ Min ’ ) and get ( hObject , ’Max’ ) to
determine range o f s l i d e r
413
414
415 % −−− Executes during ob j e c t c r ea t i on , a f t e r s e t t i n g
a l l p r o p e r t i e s .
416 f unc t i on s l i d e r i n d C r e a t e F c n ( hObject , eventdata ,
handles )
417 % hObject handle to s l i d e r i n d ( see GCBO)
418 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
419 % handles empty − handles not c r ea ted u n t i l a f t e r
a l l CreateFcns c a l l e d
420
421 % Hint : s l i d e r c o n t r o l s u sua l l y have a l i g h t gray
background .
422 i f i s e q u a l ( get ( hObject , ’ BackgroundColor ’ ) , get (0 , ’
de fau l tUicontro lBackgroundColor ’ ) )




427 f unc t i on e d i t s r a u d i o C a l l b a c k ( hObject , eventdata ,
handles )
428 % hObject handle to e d i t s r a u d i o ( s ee GCBO)
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429 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
430 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
431
432 % Hints : get ( hObject , ’ Str ing ’ ) r e tu rn s contents o f
e d i t s r a u d i o as t ext
433 % str2doub l e ( get ( hObject , ’ Str ing ’ ) ) r e tu rn s
contents o f e d i t s r a u d i o as a double
434
435
436 % −−− Executes during ob j e c t c r ea t i on , a f t e r s e t t i n g
a l l p r o p e r t i e s .
437 f unc t i on ed i t s r aud i o Cre a t eF cn ( hObject , eventdata ,
handles )
438 % hObject handle to e d i t s r a u d i o ( s ee GCBO)
439 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
440 % handles empty − handles not c r ea ted u n t i l a f t e r
a l l CreateFcns c a l l e d
441
442 % Hint : e d i t c o n t r o l s u sua l l y have a white background
on Windows .
443 % See ISPC and COMPUTER.
444 i f i s p c && i s e q u a l ( get ( hObject , ’ BackgroundColor ’ ) , get
(0 , ’ de fau l tUicontro lBackgroundColor ’ ) )





450 f unc t i on e d i t s r o t h e r C a l l b a c k ( hObject , eventdata ,
handles )
451 % hObject handle to e d i t s r o t h e r ( s ee GCBO)
452 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
453 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
454
455 % Hints : get ( hObject , ’ Str ing ’ ) r e tu rn s contents o f
e d i t s r o t h e r as t ext
456 % str2doub l e ( get ( hObject , ’ Str ing ’ ) ) r e tu rn s




459 % −−− Executes during ob j e c t c r ea t i on , a f t e r s e t t i n g
a l l p r o p e r t i e s .
460 f unc t i on e d i t s r o t h e r C r e a t e F c n ( hObject , eventdata ,
handles )
461 % hObject handle to e d i t s r o t h e r ( s ee GCBO)
462 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
463 % handles empty − handles not c r ea ted u n t i l a f t e r
a l l CreateFcns c a l l e d
464
465 % Hint : e d i t c o n t r o l s u sua l l y have a white background
on Windows .
466 % See ISPC and COMPUTER.
467 i f i s p c && i s e q u a l ( get ( hObject , ’ BackgroundColor ’ ) , get
(0 , ’ de fau l tUicontro lBackgroundColor ’ ) )




472 % −−− Executes on button pr e s s in togg l ebut ton Stop .
473 f unc t i on togg l ebut ton Stop Ca l lback ( hObject , eventdata ,
handles )
474 % hObject handle to togg l ebut ton Stop ( see GCBO)
475 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
476 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
477
478 % Hint : get ( hObject , ’ Value ’ ) r e tu rn s t o g g l e s t a t e o f
togg l ebut ton Stop
479 g l o b a l s
480 g l o b a l t
481
482 % Set va lve output to zero
483 queueOutputData ( s , [ 2 . 5 3 ] ) ;
484
485
486 % −−− Executes on button pr e s s in pushbut ton re t rac t .
487 f unc t i on pushbut ton re t rac t Ca l lback ( hObject , eventdata
, handles )
488 % hObject handle to pushbut ton re t rac t ( s ee GCBO)
489 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
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490 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
491
492 g l o b a l s
493 g l o b a l t
494
495 % Set va lve output to ˜50% r e t r a c t
496 queueOutputData ( s , [ 1 . 2 5 , 3 ] ) ;
497
498 % −−− Executes on button pr e s s in togg l ebutton end .
499 f unc t i on togg l ebut ton end Ca l lback ( hObject , eventdata ,
handles )
500 % hObject handle to togg l ebutton end ( see GCBO)
501 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
502 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
503
504 % Hint : get ( hObject , ’ Value ’ ) r e tu rn s t o g g l e s t a t e o f
togg l ebutton end
505 g l o b a l s
506 g l o b a l t
507
508 s . stop ( ) ;
509 t . stop ( ) ;
510
511
512 % −−− Executes on button pr e s s in pushbutton extend .
513 f unc t i on pushbutton extend Cal lback ( hObject , eventdata ,
handles )
514 % hObject handle to pushbutton extend ( see GCBO)
515 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
516 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
517
518 g l o b a l s
519 g l o b a l t
520
521 % Set va lve output to ˜50% extend
522 queueOutputData ( s , [ 3 . 7 5 , 3 ] ) ;
523
524
525 % −−− Executes on button pr e s s in checkbox ca l .
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526 f unc t i on checkbox ca l Ca l lback ( hObject , eventdata ,
handles )
527 % hObject handle to checkbox ca l ( s ee GCBO)
528 % eventdata r e s e rved − to be de f ined in a fu tu r e
ve r s i on o f MATLAB
529 % handles s t r u c t u r e with handles and user data ( s ee
GUIDATA)
530
531 % Hint : get ( hObject , ’ Value ’ ) r e tu rn s t o g g l e s t a t e o f
checkbox ca l
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A.2 Audio Control Listener
1 % l i s t e n e r c a l l b a c k func t i on f o r audio data
2 f unc t i on a u d i o c o n t r o l ( src , event )
3 g l o b a l audio ;
4
5 i f ( isempty ( audio ) )
6 audio = [ ] ;
7 end
8
9 audio = [ audio ; event . Data , event . TimeStamps ] ;
10
11 a s s i g n i n ( ’ base ’ , ’ audio ’ , audio ) ;
12 end
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A.3 Cylinder Control Listener
1 % Format o f Data ( columnwise ) :
2 % 1 . Pres sure Transducer Pre−Motor
3 % 2 . Pres sure Transducer Post−Motor
4 % 3 . Linear Encoder
5 % 4 . Valve Spool Pos i t i on
6 % 5 . Load Ce l l
7 %
8 % Varargin format :
9 % 1 − s top count
10 % 2 − ta rge t depth cm
11 % 3 − Fmax kPa
12 % 4 − ydot min mm/ s
13 % 5 − i n speed mm/ s
14 % 6 − t o t a l e r r o r
15 % 7 − o l d e r r o r
16 % 8 − Kp
17 % 9 − Ki
18 % 10 − Kd
19 % 11 − l e o f f s e t v o l t s
20 % 12 − s t a l l
21
22 f unc t i on c o n t r o l ( src , event , vara rg in )
23
24 % Declare p e r s i s t e n t v a r i a b l e s
25 p e r s i s t e n t s top count ;
26 p e r s i s t e n t t o t a l e r r o r ;
27 p e r s i s t e n t o l d e r r o r ;
28 p e r s i s t e n t tempData ;
29 p e r s i s t e n t old y mean ;
30 p e r s i s t e n t y ws ;
31 p e r s i s t e n t o ld out ;
32 p e r s i s t e n t loop count ;
33
34 % Declare g l o b a l v a r i a b l e s o
35 g l o b a l Data s
36 g l o b a l s
37
38 % Assign input v a r i a b l e s
39 i f ( isempty ( s top count ) )
40 s top count = vararg in {1} ;
41 end
42 ta rge t depth = vararg in {2} ;
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43 Fmax = vararg in {3} ;
44 ydot min = vararg in {4} ;
45 i n speed = vararg in {5} ;
46 i f ( isempty ( t o t a l e r r o r ) )
47 t o t a l e r r o r = vararg in {6} ;
48 end
49 i f ( isempty ( o l d e r r o r ) )
50 o l d e r r o r = vararg in {7} ;
51 end
52 Kp = vararg in {8} ;
53 Ki = vararg in {9} ;
54 Kd = vararg in {10} ;
55 i f ( isempty ( tempData ) )
56 tempData = [ ] ;
57 end
58 l e o f f s e t = vararg in {11} ;
59 s t a l l = vararg in {12} ;
60 i f ( isempty ( old y mean ) )
61 old y mean = 0 ;
62 end
63 i f ( isempty ( y ws ) )
64 y ws = [ ] ;
65 end
66 i f ( isempty ( o ld out ) )
67 o ld out = 2 . 5 ;
68 end
69 i f ( isempty ( loop count ) )
70 l oop count = 1 ;
71 end
72
73 % Update t o t a l data matrix with both data AND time
stamps
74 tempData = [ tempData ; event . Data , event . TimeStamps ] ;
75 Data s = tempData ;
76
77 y = event . Data ( end−499:end , 3 ) ;
78 % Note t h i s y i s in r e f e r e n c e to the i n i t i a l ’ o f f s e t ’
p o s i t i o n
79 % NOT f u l l l i n e a r encoder r e t r a c t i o n !
80 y = ( y − l e o f f s e t ) ∗2 5 . 4 / 0 . 8 0 5 ; % Convert from
v o l t s to mm
81
82 y mean = mean( y ) ;
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83 ydot = ( y mean − old y mean ) / 0 . 1 ; % 0 .1 s e t by 5
kS/ s ra t e and Data Ava i l ab l e
84 % l i s t e n e r s e t at 500 samples
85 old y mean = y mean ;
86
87 % For t e s t i n g
88 y ws = [ y ws ; y ] ;
89 a s s i g n i n ( ’ base ’ , ’ y ’ , y ws ) ;
90
91 % s e t ( handles . s l i d e r i n d , ’ value ’ , y ) ; % Does
t h i s work? − no
92
93 % Return i f cur r ent depth >= t a r g e t depth
94 i f mean( y mean ) /10 >= targe t depth % cm to cm
comparison
95 msgbox ( ’ Target depth exceeded ’ )
96 queueOutputData ( s , [ 2 . 5 ∗ ones (5000 ,1) , 3∗ ones (5000 ,1) ] ) ;
97 s r c . stop ( )
98 a s s i g n i n ( ’ base ’ , ’ Data s ’ , Data s ) ;
99 end
100
101 % Return i f f o r c e exceeds f o r c e th r e sho ld
102 i f abs (mean( event . Data ( end−499:end , 5 ) ∗(−33.4448)
−0.4348) ) >= Fmax ; % l b f to l b f comparison
103 msgbox ( ’ Force th r e sho ld exceeded ’ )
104 queueOutputData ( s , [ 2 . 5 ∗ ones (5000 ,1) , 3∗ ones (5000 ,1) ] ) ;
105 s r c . stop ( )
106 a s s i g n i n ( ’ base ’ , ’ Data s ’ , Data s ) ;
107 end
108
109 % Keep track o f s t a l l c ond i t i on
110 i f ydot < ydot min
111 s top count = stop count + 1 ;
112 i f s top count >= s t a l l
113 msgbox ( ’ S t a l l Condit ion ’ )
114 queueOutputData ( s , [ 2 . 5 ∗ ones (5000 ,1) , 3∗ ones (5000 ,1) ] ) ;
115 s r c . stop ( )
116 a s s i g n i n ( ’ base ’ , ’ Data s ’ , Data s ) ;
117 end
118 e l s e
119 s top count = 0 ;
120 end
121
122 % Get r i d o f s t a l l c o n d i t i o n from f i r s t few c y c l e s
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123 i f l oop count == 5
124 s top count = 0 ;
125 end
126
127 % Calcu la te dev i a t i on from t a r g e t i n s e r t i o n speed
128 e r r o r = in speed − mean( ydot ) ;
129
130 % Calcu la te e r r o r f o r i n t e g r a l term
131 t o t a l e r r o r = t o t a l e r r o r + e r r o r ;
132
133 % Bound t o t a l e r r o r to prevent i n t e g r a l windup
134 i f t o t a l e r r o r < −10
135 t o t a l e r r o r = −10;
136 e l s e i f t o t a l e r r o r > 10
137 t o t a l e r r o r = 10 ;
138 end
139
140 % Calcu la te e r r o r f o r Der iva t i ve term
141 d i f f e r r o r = e r r o r − o l d e r r o r ;
142 o l d e r r o r = e r r o r ;
143
144 out = Kp∗ e r r o r + Ki∗ t o t a l e r r o r + Kd∗ d i f f e r r o r ;
145
146 % Adjust prev ious output −−− Ve loc i ty PID
147 out = o ld out + out ;
148
149 % R e s t r i c t to [ 0 , 5 ]
150 i f out < 0
151 out = 0 ;
152 e l s e i f out > 5
153 out = 5 ;
154 end
155
156 o ld out = out ;
157
158 % For t e s t i n g
159 % f p r i n t f ( ’ ydot = %2.2 f \n ’ , ydot ) ;
160 % f p r i n t f ( ’ e r r o r = %2.2 f \n ’ , e r r o r ) ;
161 % f p r i n t f ( ’ out = %2.2 f \n\n ’ , out ) ;
162
163 % Make output vec to r f o r ao0 , a01
164 out vec = [ out∗ones (500 ,1 ) , 3∗ ones (500 ,1 ) ] ;
165
166 % Output data
71
167 queueOutputData ( s , out vec ) ;
168
169 % Keep track f o r i n i t i a l s t a l l i gno r e
170 l oop count = loop count + 1 ;
171 end
72
A.4 Data Processing Script
1 f unc t i on b i n D i f f = binComp( te s t , ba s e l i n e , binWidth , f s
, Hhp)
2 % Takes data , computes the f o u r i e r trans form o f them
3 % ” Bins ” the f requency d i s t r i b u t i o n , and compares i t to
4 % the b a s e l i n e data
5 % binWidth i s s i z e o f b ins in Hz
6 % f s in sampling f requency in S/ s
7 % Hhp i s f i l t e r
8
9 % F i l t e r data
10 t e s t f i l t = f i l t e r (Hhp , t e s t ) ;
11 b l f i l t = f i l t e r (Hhp , b a s e l i n e ) ;
12
13 % FFT
14 t e s t f = pwelch ( t e s t f i l t , 256 , 0 , f s ) ;
15 b l f = pwelch ( b l f i l t , 256 , 0 , f s ) ;
16
17 % Create f requency b ins
18 t e s t b i n = freqBin ( t e s t f , binWidth ) ;
19 b l b i n = freqBin ( b l f , binWidth ) ;
20
21 b i n D i f f = t e s t b i n − b l b i n ;
22
23 f i g u r e (1 )
24 p lo t ( b l f , ’ k ’ )
25 hold on
26 p lo t ( t e s t f , ’ r ’ )
27 t i t l e ( ’ Test and Base l i n e Frequency D i s t r i b u t i o n s ’ )
28
29 f i g u r e (2 )
30 p lo t ( b i n D i f f )
31 t i t l e ( ’ b i n D i f f ’ )
32
33 f unc t i on f r e q b i n s = freqBin ( input , binWidth )
34 f o r i = 1 : f l o o r ( l ength ( input ) /binWidth )
35 f r e q b i n s ( i ) = sum( input ( binWidth ∗( i −1)+1:binWidth∗ i ) ) /
binWidth ;
36 end
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